Abstract-Insulin resistance is a determinant of blood pressure variation and risk factor for hypertension. Because insulin resistance and blood pressure cosegregate in Mexican American families, we thus investigated the association between variations in 9 previously reported hypertension genes (ACE, AGT, AGTRI, ADDI, NPPA, ADDRB2, SCNN1A, GNB3, and NOS3) and insulin resistance. Families were ascertained via a coronary artery disease proband in the Mexican American Coronary Artery Disease Project. Individuals from 100 Mexican American families (nϭ656) were genotyped for 14 polymorphisms in the 9 genes and all adult offspring and offspring spouses were phenotyped for insulin sensitivity by hyperinsulinemic euglycemic clamp (nϭ449). AGT M235T and NOS3 A(Ϫ922)G and E298D polymorphisms were significantly associated with insulin sensitivity (Pϭ0.018, 0.036, 0.039) but were not significant after adjusting for body mass index. ADD1 G460W was associated with insulin sensitivity only after adjusting for body mass index. The NPPA T2238C and SCNN1A A663T were associated with decreased fasting insulin levels after adjusting for body mass index (Pϭ0.015 and 0.028). (HTN) is not benign; it is strongly associated with the development of atherosclerosis and left ventricular hypertrophy resulting in congestive heart failure, stroke, and age-related macular degeneration. 1-2 The risk of complications increases with increasing blood pressure (BP), particularly systolic blood pressure (SBP). 3,4 High BP is also a major antecedent for renal failure and, after diabetes, is the second most common cause of chronic renal failure in the adult population. 1, 5 Insulin resistance (IR) is a potentially important intermediate phenotype for HTN in certain populations, particularly in Mexican Americans (MAs). Cross-sectional studies have revealed correlations between IR and BP in this and other ethnic groups. 6 -8 Hyperinsulinemia preceded and predicted the development of HTN in an 8-year prospective study of MAs in San Antonio, Texas 6 and has exhibited major gene effects in at least 3 ethnic groups. 9 -11 By path analysis, we have shown that BP and IR cosegregate and have a significant genetic component independent of any relationship to body mass index (BMI). 12 This cosegregation was further confirmed in our genome scan linkage analysis, wherein we identified several regions of coincident linkage of insulin sensitivity and BP. 13 For example, fasting insulin, SBP, and mean arterial blood pressure were all mapped to the same region on chromosome 7 (112 to 128 cM). Considered together, these findings provide strong support for the concept that IR is an intermediate and genetically regulated phenotype for HTN.
N early 50 million individuals in the United States, Ϸ20% of the adult population aged 18 to 74 years of age, are hypertensive. This hypertension (HTN) is not benign; it is strongly associated with the development of atherosclerosis and left ventricular hypertrophy resulting in congestive heart failure, stroke, and age-related macular degeneration. [1] [2] The risk of complications increases with increasing blood pressure (BP), particularly systolic blood pressure (SBP). 3, 4 High BP is also a major antecedent for renal failure and, after diabetes, is the second most common cause of chronic renal failure in the adult population. 1, 5 Insulin resistance (IR) is a potentially important intermediate phenotype for HTN in certain populations, particularly in Mexican Americans (MAs). Cross-sectional studies have revealed correlations between IR and BP in this and other ethnic groups. 6 -8 Hyperinsulinemia preceded and predicted the development of HTN in an 8-year prospective study of MAs in San Antonio, Texas 6 and has exhibited major gene effects in at least 3 ethnic groups. 9 -11 By path analysis, we have shown that BP and IR cosegregate and have a significant genetic component independent of any relationship to body mass index (BMI). 12 This cosegregation was further confirmed in our genome scan linkage analysis, wherein we identified several regions of coincident linkage of insulin sensitivity and BP. 13 For example, fasting insulin, SBP, and mean arterial blood pressure were all mapped to the same region on chromosome 7 (112 to 128 cM). Considered together, these findings provide strong support for the concept that IR is an intermediate and genetically regulated phenotype for HTN.
Although the aforementioned data may suggest that IR is a proximate cause of HTN, an alternative possibility is that both are pleiotropic manifestations of the same underlying susceptibility. In support of this latter hypothesis has been the observation that several large scale clinical trials of pharmacological agents whose targets are the renin-angiotensin system, namely angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor blockers, have revealed a decreased frequency of new-onset cases of type 2 diabetes. These data raise the possibility that genes with recognized roles in BP regulation might have additional roles in the biologic pathways that result in IR.
A number of genes have been associated with HTN, including dipeptidyl carboxypeptidase 1 (DCP1 or ACE), angiotensinogen (AGT), angiotensin II receptor type 1 (AGTR1), adducin 1 (ADD1), natriuretic peptide precursor A (NPPA), adrenergic receptor, ␤-2 (ADRB2), sodium channel, nonvoltage-gated 1 alpha (SCNN1A), guanine nucleotide binding protein (G protein) beta polypeptide 3 (GNB3), and nitric oxide synthase 3 (NOS3). Here we investigate the correlation between BP and IR related traits, and evaluate the association between single nucleotide polymorphisms (SNPs) in these previously reported HTN genes and IR related traits. A positive association between HTN genes and IR-related traits would support a genetic basis for the cosegregation of BP and IR, and this may further disentangle the cause-effect pathway between those genes, HTN, and IR.
Methods

Subjects
The subjects studied were recruited through the Mexican American Coronary Artery Disease (MACAD) Project, an ongoing study of coronary artery disease and IR in MAs. 14 Family samples were ascertained through a proband with documented coronary artery disease. 14, 15 Two generations were enrolled into the study: the proband and proband spouses (parental generation), and their adult (age 18 years or older) offspring and the spouses of those offspring (offspring generation). The offspring were free of diabetes and clinically manifest coronary artery disease, thus avoiding secondary changes in phenotype caused by overt disease. The data reported here are from the offspring generation, because they underwent detailed phenotyping for IR assessment. The study was approved by institutional review boards at UCLA and Cedars-Sinai Medical Center. All subjects gave informed consent before participation.
Genotyping
In this study, 14 polymorphisms in the 9 HTN-related genes were genotyped in 656 individuals from 100 MA families. EBVtransformed lymphoblastoid cell lines were established on each subject and DNA was isolated using standard methods. 16 Alleles were determined by: (1) multiplex polymerase chain reaction with biotin labeling; (2) hybridizing to an array of sequence-specific oligonucleotide probes immobilized on nylon; and (3) visualizing with streptavidin-horseradish peroxidase conjugate (Roche Diagnostic Systems). 17, 18 Genotyping was performed as described in Hoppe et al. 19 
Phenotyping
All subjects underwent a basic clinical assessment, including age, sex, weight, height, BP, and standard biochemical measures such as fasting lipids, glucose, and insulin.
SBP and diastolic BP were measured in the sitting position using a Dinamap system (Critikon, Inc) after subjects had been sitting with legs dangling for Ͼ5 minutes. Three BP readings were taken at 5-minute intervals and were averaged for analysis. Width of the BP cuff was Ն80% of the arm circumference in each subject. The adult offspring and their spouses (nϭ449) underwent a 3-day phenotyping protocol, which included indices of IR determined by euglycemic clamp. Several indices of insulin sensitivity were obtained, including fasting insulin, glucose infusion rate (GINF) over the last 30 minutes of steady-state insulin and glucose concentrations, and the insulin sensitivity index (S I ), obtained by dividing GINF by body surface area and the increment in plasma insulin from baseline to steady state. 14 
Statistical Analysis
To study the relationship between BP and IR-related traits, the Pearson correlation coefficient was calculated using SAS and probability values were obtained via generalized estimating equations methods as implemented in the GENMOD procedure in SAS to account for familial correlations. 20 Appropriate transformation was used when necessary for each of the BP and IR-related traits to reduce non-normality.
Association Analysis
To account for the dependency among family member, the generalized estimating equations methods 20 was used in the association analysis by using family as the cluster factor, ie, members from the same family were assumed to be correlated and those from different families were assumed to be independent. An appropriate test, either the 2-degrees of freedom overall test of genotypic association or a specific genetic model (ie, dominant or recessive), was assumed depending on allele frequencies. Age and sex were included as covariates to adjust for possible confounding effects and analyses were repeated with further adjustment for BMI to evaluate the effect of adiposity. Table 1 gives the basic characteristics of the sample studied. The offspring generation had a mean age of 34.4 years and a mean BMI of 28.8 kg/m 2 . The mean BP values were in the normal range. Males and females had comparable ages and BMIs, but females tended to have slightly lower BPs and higher IR (Table 1 ). Correlation analysis revealed that both GINF and S I were negatively correlated with both SBP (rϭϪ0.21 and Ϫ0.07; Pϭ0.059 and 0.0002, respectively) and diastolic BP (rϭϪ0.17 and Ϫ0.08; Pϭ0.002 and 0.02, respectively), whereas fasting insulin was positively correlated with SBP and diastolic BP (rϭ0.18 and 0.14, PϽ0.0001 for both). The characteristics of the 14 SNPs in the 9 HTN genes and the frequency of the minor allele for each SNP are given in Table 2 . Most of the SNPs were common with the minor allele frequency Ͼ10%, except for 3 SNPs: G664A in the NPPA/ANP gene, W493R in the SCNN1A gene, and C(Ϫ690)T in the NOS3 gene. The low frequency of the minor alleles in these 3 SNPs may lead to unreliable statistical results and therefore were eliminated from further analysis. The genotype specific means and probability values for those SNPs that showed significant associations are shown in Figure. The association analysis revealed that the T allele of M235T in the AGT gene was significantly associated with increased IR, as measured by GINF (M allele carriers versus noncarriers: 4.95Ϯ0.20 versus 5.52Ϯ0.18; Pϭ0.014) and S I (M allele carriers versus noncarriers: 2.04Ϯ0.08 versus 2.34Ϯ0.10; Pϭ0.018) from the euglycemic clamp after adjusting for age and sex but was not significant after further adjusting for BMI. Similarly, the A(Ϫ922)G and E298D polymorphisms in the NOS3 gene were associated with S I when adjusting for age and sex, but not so after adjusting for BMI. The G allele carrier at A(Ϫ922)G had a mean S I of 2.40Ϯ0.11 versus 2.06Ϯ0.07 for noncarriers (Pϭ0.036); the T allele carriers at E298D had a mean S I of 2.37Ϯ0.10 versus 2.08Ϯ0.08 for noncarriers (Pϭ0.038). Even though no significant association was observed between these 2 SNPs and GINF, the genotypic-specific means did trend in the same direction. In contrast, the G allele of G460W in the ADD1 gene was associated with increased IR as measured by S I only after adjusting for age, sex, and BMI (homozygous G/G versus others: 2.11Ϯ0.06 versus 2.40Ϯ0.13; Pϭ0.044). One SNP in the ADRB2 gene (R16G) was associated with only GINF, and the R16G was associated with GINF after adjusting for BMI. The C allele of T2238C in the NPPA gene and the T allele of A663T in the SCNN1A gene were not associated with GINF or S I , but they were associated with decreased fasting insulin levels, only after adjusting for BMI (together with age and sex) (C allele carrier versus noncarriers at T2238C: 12.21Ϯ0.62 versus 14.39Ϯ0.40; Pϭ0.015; T allele carrier versus noncarriers at A663T: 13.18Ϯ0.45 versus 14.64Ϯ0.51; Pϭ0.028). The overall effect of a specific gene on IR ranged from 10% to 16%. No association was observed between the SNPs in the ACE, AGTR1, and GNB3 genes and IR-related traits. When Ͼ1 gene was associated with a trait, we further examined pair-wise gene-gene interactions, eg, the interaction between T2238C and A663T for fasting insulin, but no significant gene-gene interactions were detected for each of the 3 traits.
Results
Discussion
Previous studies have shown that BP and IR cosegregate, and that IR is an intermediate and genetically regulated phenotype for HTN. In this study, we evaluated the phenotypic association between measures of IR and BPs and the genetic association between 14 polymorphisms in the 9 putative HTN genes (ACE, AGT, AGTR1, ADD1, NPPA, ADRB2, SCNN1A, GNB3, NOS3) and IR-related traits: fasting insulin, GINF, and S I . Our data revealed that a number of these HTN-related genes (AGT, ADRB2, ADD1, and NOS3) are associated with the direct measures of IR, ie, GINF and/or S I , whereas some (NPPA and SCNN1A) are associated with an indirect measure of IR, ie, fasting insulin only. Some of these genes (AGT and NOS3) seem to affect IR (direct measures) through their effect on adiposity as measured by BMI, whereas the others (ADD1, NPPA, ADRB2, and SCNN1A) interact with BMI to influence IR (either the direct measure GINF or the indirect measure fasting insulin). These data provided direct evidence that previous observations that BP and IR cosegregate can be explained in part by HTN genes, ie, that AGT, NOS3, NPPA, ADRB2, ADD1, and SCNN1A might be genetic markers for IR.
Additional data support this concept of BP genes influencing IR. NOS3 has been observed to affect insulin levels in 
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nondiabetic Japanese subjects; 21 NPPA has been found to play a noticeable role in the control of lipid mobilization 22 and may affect the course of nephropathy in inadequately controlled type 1 diabetes; 23 and ADRB2 has been associated with nocturnal asthma, obesity, and type 2 diabetes. 24 -27 Probably most significant is that inhibition of the renin-angiotensin system has been shown to be able to prevent diabetes. The ACE inhibitor ramipril was found to be associated with a 32% decrease of new diagnoses of diabetes in individuals at high risk in the HOPE Trial. 28 The angiotensin II receptor inhibitor losartan was associated with 25% less new-onset diabetes cases than atenolol patients with HTN and left ventricular hypertrophy (LIFE Study). 29 The receptor inhibitor candesartan was associated with 40% less new-onset diabetes in subjects with heart failure in 3 ethnic groups (CHARM), 30 and the receptor inhibitor vasartan was associated with 23% less new-onset diabetes in subjects with HTN (VALUE). 31 Physiological studies have revealed a number of potential mechanistic links between IR and elevated BP: activation of renal sodium retention and the sympathetic nervous system by hyperinsulinemia, the usual concomitant of IR; 32, 33 resistance of blood vessels to the vasodilatory effects of insulin; 34 decreased ability of insulin to stimulate skeletal muscle blood flow; 35 and altered ion transport mechanisms leading to both IR and HTN. 36, 37 Cause-effect relationships between these factors and HTN remain to be established. However, chronic administration of insulin to normal rats has been associated with increased BP, 38, 39 whereas induction of HTN in normal animals does not cause IR or hyperinsulinemia, 40 suggesting that IR and hyperinsulinemia do not result from HTN. Thus, combining the physiology with the epidemiology data and genetic associations reported here suggest that the BP genes affect IR through a pleiotropic mechanism. This leads to the speculation that some of the complications of HTN, eg, risk for atherosclerosis, may be contributed in part to risks associated with IR, a demonstrated atherosclerosis risk factor.
No associations were observed between IR measures and variations in 3 (ACE, AGTR1, and GNB3) of the 9 genes. One possible explanation is that genetic heterogeneity exists between IR and BP/HTN. Some genes may affect the progress of HTN through affecting IR-related traits, whereas some affect the progression directly or through other pathways. Nevertheless, we cannot exclude the possibility of the existence of a true association because we studied only 1 SNP in each of these 3 genes, and it is quite possible that we have missed an association between the phenotype and the gene if not enough polymorphisms were studied. The genotyping technique we used here was set up for a fast screening of a large number of genes, in which markers were preselected based on the knowledge in the literature. This limits the number of markers in each gene and may decrease the ability to detect effects even if these genes are important players. However, against that interpretation is that the polymorphisms tested in the study herein were those specifically identified in previous studies, and thus genetic heterogeneity of the IR/BP relationship seems a more likely explanation.
Perspectives
Our data have shown that some genes involved in the susceptibility to hypertension are associated with IR, supporting the hypothesis that genes in the BP pathway play a role in IR in the MA population.
a, Mean fasting insulin levels (IU/mL) classified by C allele carriers vs noncarriers of NPPA T2238C, T allele carriers vs noncarriers of SCNN1A A663T, and the corresponding probability values for association testing. Age, sex, and BMI were adjusted for in the association analysis. b, Mean glucose infusion rate (GINF: mg/kg per minute) classified by M allele carrier vs noncarriers of AGT M235T, and 3 genotypes of ADRB2 R16G. Probability values for the association analysis were obtained when adjusting for age and sex for M235T; age, sex, and BMI were adjusted for R16G. c, Mean S I (mg/m 2 ⅐ mL ⅐ min Ϫ1 ⅐ IU Ϫ1 ) classified by genotype(s) of AGT M235T, ADD1 G460W, NOS3 A(Ϫ922)G, and E298D. Probability value for the association analysis were obtained while adjusting for age and sex for M235T, A(Ϫ922)G, and E298D; age, sex, and BMI were adjusted for G460W.
